Advancing age is a major risk factor for coronary artery disease. Endothelial dysfunction accompanied by increased oxidative stress and inflammation with aging may predispose older arteries to greater ischemia-reperfusion (I/R) injury. Because coronary artery ischemia cannot be induced safely, the effects of age and habitual endurance exercise on endothelial I/R injury have not been determined in humans. Using the brachial artery as a surrogate model of the coronary arteries, endothelial function, assessed by brachial artery flow-mediated dilation (FMD), was measured before and after 20 min of continuous forearm occlusion in young sedentary (n ϭ 10, 24 Ϯ 2 yr) and middle-aged (n ϭ 9, 48 Ϯ 2 yr) sedentary adults to gain insight into the effects of primary aging on endothelial I/R injury. Young (n ϭ 9, 25 Ϯ 1 yr) and middle-aged endurance-trained (n ϭ 9, 50 Ϯ 2 yr) adults were also studied to determine whether habitual exercise provides protection from I/R injury. Fifteen minutes after ischemic injury, FMD decreased significantly by 37% in young sedentary, 35% in young endurancetrained, 68% in middle-aged sedentary, and 50% in middle-aged endurance-trained subjects. FMD returned to baseline levels within 30 min in young sedentary and endurance-trained subjects but remained depressed in middle-aged sedentary and endurance-trained subjects. Circulating markers of antioxidant capacity and inflammation were not related to FMD. In conclusion, advancing age is associated with a greater magnitude and delayed recovery from endothelial I/R injury in humans. Habitual endurance exercise may provide partial protection to the endothelium against this form of I/R injury with advancing age. flow-mediated dilation; endothelium; brachial artery AMONG THE MAJOR CAUSES OF mortality in the United States, cardiovascular disease ranks first, and advancing age is a major risk factor for cardiovascular disease (30) with vascular endothelial dysfunction contributing to this age-related increase in cardiovascular risk (31). The mechanisms underlying these vascular changes with age are incompletely understood, but reductions in the bioavailability of nitric oxide (NO) and increases in oxidative stress and inflammation play important roles (12, 48) . With increased levels of oxidative stress and inflammation, aging arteries may be more vulnerable to ischemia-reperfusion (I/R) injury, and habitual exercise training may attenuate this by improving NO bioavailability and lowering oxidative stress and inflammation (19, 32, 49, 51) , but studies in humans are lacking because such methodologies require ischemia of the coronary arteries.
AMONG THE MAJOR CAUSES OF mortality in the United States, cardiovascular disease ranks first, and advancing age is a major risk factor for cardiovascular disease (30) with vascular endothelial dysfunction contributing to this age-related increase in cardiovascular risk (31) . The mechanisms underlying these vascular changes with age are incompletely understood, but reductions in the bioavailability of nitric oxide (NO) and increases in oxidative stress and inflammation play important roles (12, 48) . With increased levels of oxidative stress and inflammation, aging arteries may be more vulnerable to ischemia-reperfusion (I/R) injury, and habitual exercise training may attenuate this by improving NO bioavailability and lowering oxidative stress and inflammation (19, 32, 49, 51) , but studies in humans are lacking because such methodologies require ischemia of the coronary arteries.
Accordingly, the primary aim of this study was to determine the magnitude of I/R injury and rate of recovery from 20 min of forearm occlusion on conduit artery endothelial function, as assessed by brachial artery flow-mediated dilation (FMD), in young and middle-aged men and women who were sedentary or performed habitual endurance exercise. Middle-aged men and women who were free of overt cardiovascular disease were specifically recruited because the incidence of myocardial infarction doubles between the ages of 45 to 64 yr (33) and to isolate the effects of primary aging on the recovery from I/R injury in the endothelium. Brachial artery FMD was chosen as a surrogate model of the coronary arteries because this measure is strongly associated with gold-standard measures of coronary artery function (2) . We hypothesized that after I/R injury, the fall in endothelial function would be greater and the rate of recovery would be slower in sedentary middle-aged than in young adults and that these changes would be associated with circulating markers of antioxidant capacity, inflammation, and metabolites of NO bioavailability. In addition, we hypothesized that endurance-trained middle-aged adults would recover more quickly from endothelial I/R injury than their agematched sedentary counterparts.
METHODS

Subjects.
A total of 37 apparently healthy sedentary or endurancetrained adults (32 men and 5 women) ages 18 -40 and 41-65 yr, respectively, were recruited from The University of Texas at Austin and surrounding community ( Table 1 ). All subjects were normotensive (Ͻ140/90 mmHg), nonobese [body mass index (BMI) Ͻ 30 kg/m 2 ], nonsmoking, free of overt cardiovascular or other chronic diseases, were not taking any cardiovascular-acting medications as assessed by a medical history questionnaire, and were not currently taking any herbal supplements or refrained from taking herbal supplements for the 2 wk before testing. Self-reported exercise training status was verified by maximal oxygen consumption (Table 1) . Endurance-trained subjects reported cycling and/or running at a moderate to strenuous exercise intensity for 8.6 Ϯ 0.7 h/wk. Sedentary subjects reported engaging in no exercise or Ͻ2 h of exercise per wk for the past year. The Human Research Committee reviewed and approved all procedures, and written informed consent was obtained from all subjects.
Procedures. For premenopausal women, measures of vascular function were performed during the early follicular phase of their menstrual cycle to control for the effects of estrogen (10) . Before the first testing session, all subjects were Ͼ4-h fasted and abstained from caffeine. Body composition was measured by dual-energy X-ray absorptiometry (Lunar DPX, General Electric Medical Systems, Fairfield, CT), and brachial arterial blood pressure at rest was measured by the oscillometric technique (STBP-780, Colin Medical, San Antonio, TX). Maximal oxygen consumption was measured during a modified Balke incremental treadmill exercise test (1% grade increase per minute at individualized treadmill speed) as previously described (56) . Oxygen consumption (indirect calorimetry via respiratory gas measurements; Physio-Dyne, Quogue, NY), heart rate, and ratings of perceived exertion (the original Borg scale) were measured throughout the protocol.
For 72 h before the primary testing session, subjects followed and recorded a nitrate-and nitrite-free diet adapted from the National Heart, Blood, and Lung Institute (41) to reduce the effects of diet on circulating nitrite and nitrate concentrations, thereby isolating this marker of endogenous NO production (60) . This diet did not allow the ingestion of foods containing nitrates or nitrites, including vegetables or vegetable products, legumes, cured or processed meats, cheese, seafood or fish, alcoholic beverages, strawberries, melons, bananas, or potatoes. Adherence to the diet was verified by dietary records, which were subsequently analyzed by a registered dietician. Total caloric intake was higher in young and middle-aged endurance-trained subjects compared with young sedentary subjects, and young endurancetrained subjects consumed a greater percentage of their calories from carbohydrates and lower percentage of calories from fat compared with the middle-aged sedentary group (data not presented).
For the primary testing session, subjects reported to the laboratory in the morning after fasting Ͼ10 h, not taking medications for Ͼ24 h, and abstaining from low-intensity exercise Ͼ12 h and moderate-to high-intensity exercise Ͼ24 h. Brachial blood pressure was measured two to three times after subjects had rested in the supine position Ͼ10 min in a quiet, dimly lit, temperature-controlled (23 to 26°C) laboratory room. Endothelial-dependent vasodilation of the brachial artery was assessed by FMD in the right arm before and 15, 30, and 45 min after 20 min of lower-arm cuff occlusion using an ultrasound machine (iE33, Philips Medical, Bothel, WA), equipped with a high-resolution linear-array transducer as previously described (14) . These time points were specifically selected based on previous studies using this model that measured at 15-to 30-min intervals and demonstrated that endothelial function recovers within 60 min after this form of injury (6, 26, 27, 42, 52) to allow for the recovery of the brachial artery between measures of FMD and to provide adequate time for reperfusion injury to occur in the initial 15 min after injury, a form of injury that is thought to cause greater damage than ischemia alone (18) . At each time point, longitudinal images of baseline brachial artery diameters were recorded proximal to the forearm cuff for an average of 90 s and blood velocities were measured at Ͻ60°for 30 s before forearm occlusion with a rapid cuff inflator (E20 Inflator, Hokanson, Bellevue, WA) set to Ͼ100 mmHg suprasystolic pressure. To ensure arm stability and transducer placement, a customized arm rest and transducer holder device cradled the arm and locked the transducer 2 to 8 cm proximal to the antecubital fossa. Ten seconds before the occlusion cuff was released, blood velocity recordings were commenced and continued until 20 s after cuff deflation. B-mode images of the brachial artery were recorded from 20 s to 3 min after cuff release. Endothelial-independent vasodilation, the response of arterial smooth muscle cells to pharmacological doses of NO donors, was not measured because it is not associated with aging (9, 55) or exercise training in healthy adults (4, 47) , administration of sublingual nitroglycerin would interfere with the repeated measures of FMD and plasma nitrate and nitrite concentrations, and previous studies using the forearm I/R injury model have shown that endothelial-independent vasodilation is not affected by 20 min of forearm occlusion (8, 26, 34, 38, 43) .
Ultrasound images were transferred to digital-viewing software (Brachial Analyzer, Vascular Tools, Version 5, Medical Imaging Applications, Coralville, IA) where all diameters and velocities were analyzed by the same investigator (A. E. DeVan). For each time point, an average of 44 Ϯ 3 end-diastolic diameters was analyzed before cuff occlusion (baseline diameter), and the three highest consecutive enddiastolic diameters after cuff release (peak diameters) were used to calculate FMD using the following equation: [(peak diameter Ϫ baseline diameter)/baseline diameter] ϫ 100 (11) . In a subgroup analysis of five young sedentary, six young endurance-trained, nine middle-aged sedentary, and six middle-aged endurance-trained subjects, the area under the curve of blood velocities was analyzed during the first 15 s after cuff deflation (20, 46) . After I/R injury, statistical analyses revealed no significant differences between or within groups for postocclusion blood velocities at all time points (P Ͻ 0.05; repeatedmeasures ANOVA with Bonferroni post hoc tests). Accordingly, FMD was not normalized for shear rate (3, 20) .
Blood samples were obtained from the left antecubital vein using a closed intravenous catheter system (Saf-T-Intima, BD Medical, Sandy, UT) before and 15, 30, and 45 min after the 20-min cuff was released for various circulating biomarkers. At baseline, total cholesterol, LDL cholesterol, and HDL cholesterol were measured in fresh serum (Table 1 ) using a multianalyte chemistry analyzer. All other blood samples were stored at Ϫ80°C for later analyses. Serum concentrations of total nitrite and endogenous nitrite were assessed in duplicate by colorimetric detection of nitrite as an azo dye product of the Griess Reaction (Parameter Total NO/Nitrite/Nitrate Assay, R&D Systems, Minneapolis, MN) after deproteinization by filtration (Millipore, Billerica, MA). Nitrate was calculated as the difference between total nitrite and endogenous nitrite. Serum concentrations of TNF-␣, IL-6, IL-8, VCAM-1, and ICAM-1 were measured in duplicate using a cytometric bead array (High Sensitivity Human Cytokine Kit, Millipore, St. Charles, MO) read by lasers (Bio-Plex Luminex 200 System, Bio-Rad, Hercules, CA). Concentrations of reduced 
Values are means Ϯ SE. V O2max, maximal oxygen consumption; BP, blood pressure. *P Ͻ 0.05 vs. young sedentary; †P Ͻ 0.05 vs. young endurance trained; ‡P Ͻ 0.05 vs. middle-aged sedentary (one-way ANOVA with Bonferroni post hoc tests).
glutathione (GSH) were calculated by colorimetric reaction rates read over 3 min at 412 nM in duplicate by a spectrophotometer (DU640, Beckman Coulter, Brea, CA) in purified whole blood (Bioxytech GSH/GSSG-412, Percipio Biosciences, Portland, OR).
Statistical analyses. One-way ANOVA with Bonferroni post hoc tests was used to identify significant differences in descriptive variables, ultrasound-derived measures at the brachial artery within groups, and circulating biomarkers (Tables 1, 2 , and 4). ANOVA with repeated measures and Bonferroni post hoc tests were used for determining changes in FMD (Fig. 1 ) and ultrasound-derived vascular measures at the brachial artery between groups (Table 2) . A general linear model and multivariate analysis covarying for FMD before I/R injury was used to verify significant changes in FMD after I/R injury were independent of initial differences in FMD before I/R injury. Univariate correlation (two tailed) and stepwise multiple regression analyses were used to identify significant determinants of brachial artery FMD (Table 3) . Significance was set at P Ͻ 0.05 for all statistical analyses. All data are expressed as means Ϯ SE.
RESULTS
All subjects were nonobese, normolipidemic, and normotensive (Table 1) . Middle-aged sedentary subjects had higher body mass, BMI, diastolic blood pressure, and total cholesterol and lower maximal oxygen consumption than young sedentary and endurance-trained subjects. As expected, middle-aged endurance-trained subjects had lower body mass, BMI, body fat percentage, and heart rate at rest and higher maximal oxygen consumption than their age-matched sedentary counterparts.
Before I/R injury, brachial artery FMD was highest in the young endurance-trained (6.55 Ϯ 0.66%), followed by the young sedentary (5.46 Ϯ 0.68%) then middle-aged endurancetrained (5.05 Ϯ 0.81%) and, finally, the middle-aged sedentary (4.21 Ϯ 0.78%) group, though these differences were not statistically significant ( Fig. 1 ; one-way ANOVA with Bonferroni post hoc tests). From before to 15 min after injury (15 min Post), FMD fell 37 and 35% in young sedentary and young endurance-trained subjects, respectively, but recovered within 45 min. In contrast, FMD in middle-aged sedentary subjects decreased by 68% and remained significantly lower than before I/R injury in subsequent measures. When compared with the young sedentary group, middle-aged sedentary subjects had significantly lower FMD at 15, 30, and 45 min after I/R injury, whereas the middle-aged endurance-trained group was not significantly different from the young sedentary group at any time point. Middle-aged endurance-trained subjects demonstrated a 50% decline in FMD 15 min after I/R injury and did not recover within 45 min. Even when covarying for FMD before I/R injury (general linear model and multivariate analysis), the young endurance-trained group remained signifi- Table 2 , there were no significant differences between groups for baseline or peak diameters at any time point, though the baseline diameters in young sedentary compared with the middle-aged sedentary (P ϭ 0.095) and young sedentary compared with the middle-aged endurance-trained (P ϭ 0.071) groups were approaching significance. Within some groups, peak diameter and absolute change in diameter (peak diameter Ϫ baseline diameter) were significantly different. Between the middle-aged sedentary group and young endurance-trained group, the absolute change in diameter was significantly lower 15, 30, and 45 min after injury. Forty-five minutes after injury, the absolute change in diameter was lower in the middle-aged sedentary compared with the young sedentary group and lower in the middle-aged versus young endurance-trained group. Age, total cholesterol, and HDL cholesterol were significantly correlated with the change in FMD after I/R injury (Table 3) . Multiple regression analyses revealed that the significant independent predictors were HDL cholesterol (standardized ␤ ϭ Ϫ0.43) for FMD from before to 30 min and age (standardized ␤ ϭ Ϫ0.47) for FMD from before to 45 min after I/R injury, accounting for 19 and 22% of the variance, respectively. There was no significant association between maximal oxygen consumption and the response to endothelial I/R injury.
Circulating markers of cytokines and adhesion molecules were not different between groups before (Table 4) or after (data not shown) I/R injury. Baseline concentrations of nitrite were significantly lower in middle-aged sedentary than in young sedentary subjects. GSH concentrations were not different between groups.
DISCUSSION
The primary findings of this study are as follows. First, brachial FMD decreased significantly after 20 min of forearm ischemia, suggesting that this surrogate model of the coronary arteries produces significant I/R injury to the endothelium of the brachial artery. Second, young subjects recovered more quickly from I/R injury than older subjects, regardless of their exercise status. Specifically, 30 and 45 min after injury, FMD in young sedentary and young endurance-trained subjects was not significantly different from baseline values, whereas middle-aged groups had blunted FMD, suggesting that aging is associated with a greater magnitude and delayed recovery from endothelial I/R injury. Though the middle-aged endurancetrained group had delayed recovery from I/R injury compared with younger groups, the magnitude of injury was slightly less than their age-matched sedentary counterparts, perhaps indicating a possible partial protection of habitual endurance exercise against endothelial I/R injury with advancing age.
During ischemia, energy depletion and reactive oxygen species production occur from inadequate blood flow to tissues. While the best treatment for ischemia is immediate reperfusion of the tissue with blood, reentry of the blood into the ischemic tissues also causes damage through calcium loading, inflammation, and a surge of free radical production. With reperfusion, oxygen levels drastically rise with a simultaneous increase in pH levels, leading to a burst of reactive oxygen species formation (21, 44) . Within the vasculature, reactive oxygen species produced by the mitochondria, endothelial NO synthase (eNOS) uncoupling, xanthine oxidoreductase, and NADPH oxidase (40) interact with NO to produce peroxynitrite, thereby reducing the bioavailability of NO and degrading tetrahydrobiopterin, an essential cofactor of eNOS, lessening the production of NO (61) . In the present study, 20 min of forearm ischemia and 15 min of reperfusion caused a significant fall in endothelial function, as assessed by FMD of the brachial artery. After I/R injury, this decline and recovery of brachial artery FMD within 60 min in the young groups is in agreement with previous studies in young healthy populations (26, 35, 37, 62) .
Older age is the most important nonmodifiable predictor of recovery from myocardial infarction in humans (63) , and animal studies demonstrate that aging is associated with increased susceptibility to myocardial (5, 23) and endothelial (50) I/R injury. In the present study, we compared the decline and recovery in brachial artery FMD in response to endothelial I/R injury between young and middle-aged sedentary adults who were free of overt cardiovascular disease. In this model of "primary" aging, middle-aged individuals had a 31% greater fall in FMD and delayed recovery compared with younger individuals. The differences in FMD after I/R injury between young and older subjects remained statistically significant even when covarying for FMD before I/R injury. To our knowledge, this is the first study to demonstrate an age-associated decline in endothelial function after I/R injury using a human model.
With advancing age, the fall in endothelial function is most strongly associated with increases in the expression of NADPH oxidase and nuclear factor-B in endothelial cells (15) and lower levels of tetrahydrobiopterin (16, 54) . Previous studies using this human model support the role of oxidative stress in endothelial I/R injury. Indeed, an intra-arterial infusion of Values are means Ϯ SE; n, number of subjects. VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intracellular adhesion molecule-1; GSH, reduced glutathione. *P Ͻ 0.05 vs. young sedentary (one-way ANOVA with Bonferroni post hoc tests).
vitamin C (43) or tetrahydrobiopterins (cofactors of eNOS and antioxidants) (38) each prevented the fall in endothelial function after 20 min of forearm ischemia, and patients with a genetic disease leading to an inactivation of NADPH oxidase were protected from endothelial I/R injury (36) . Similarly, a study measuring a circulating biomarker of oxidative stress before and 20 min after forearm ischemia found that older subjects had a greater increase and duration of elevated F 2 -isoprostane concentrations compared with young adults (13), which was attenuated by 2 wk of tart cherry juice consumption, a drink containing high levels of antioxidants (59) . Given these results, we attempted to provide insight into the mechanisms behind the age-associated decline in endothelial function with I/R injury by measuring baseline circulating markers of antioxidant capacity, inflammation, and NO bioavailability. Because glutathione is the major thiol-disulfide redox buffer of cells (25, 57) and the constant interaction of whole blood with endothelial cells, GSH was measured in whole blood as an indicator of antioxidant capacity. Contrary to our hypothesis, GSH and serum inflammatory cytokine concentrations at baseline did not indicate lower antioxidant capacity or increased inflammation in the middle-aged sedentary population and these markers were not correlated with changes in FMD after I/R injury. It is possible that the measurement of systemic instead of local concentrations, the use of a healthy population without overt cardiovascular disease, or the small sample size may explain these findings.
Circulating concentrations of nitrite are considered to be a noninvasive measure of NO bioavailability as nitrite is an oxidative product of NO metabolism. At baseline, middle-aged sedentary subjects had significantly lower serum nitrite levels than young sedentary subjects, whereas middle-aged endurance-trained subjects had higher circulating nitrite levels than their sedentary age-matched counterparts (though not statistically significant), suggesting that middle-aged sedentary subjects had lower levels of NO bioavailability. This is in agreement with Kleinbongard et al. (28) who found a significant negative correlation between plasma nitrite concentrations and age. Reduced NO bioavailability, possibly because of increased oxidative stress, is thought to be the primary factor causing impaired endothelial function with aging in humans. In contrast, no differences were found between groups in serum nitrate concentrations, which is plausible as studies in both humans and mammals indicate that circulating nitrite, not nitrate, reflects endothelial-dependent NO production (28, 29) .
Because lifestyle modifications remain the first-line approach for the prevention of age-associated cardiovascular disease (17, 51), we determined the role of habitual endurance exercise in the protection against endothelial I/R injury in young and middle-aged adults. In the present study, middleaged endurance-trained subjects demonstrated a partial protection from the magnitude, but not duration, of endothelial I/R injury during the 45 min after forearm ischemia. This may suggest that habitual exercise training attenuates the initial reduction in endothelial function after an acute stress (such as 20 min of forearm ischemia), but the role of habitual exercise training in the recovery from endothelial I/R injury in middleaged adults is still unclear. Measurements of endothelial function were continued until 45 min after ischemia based on previous studies suggesting a full recovery from endothelial I/R injury within 60 min (6, 26, 27, 42, 52) ; however, it appears that middle-aged endurance-trained and sedentary subjects need a longer period of time to recover. Future studies need to assess endothelial function for a longer period of time after injury to determine whether habitual exercise training lessens the time to full recovery in older adults. In animals, endurance exercise training protects against myocardial I/R injury (45) and attenuates endothelial dysfunction from disease in the vasculature (24) . In humans, habitual endurance exercise attenuates the age-related impairment of endothelial function and alleviates decreases in endothelial function induced by cardiovascular disease, perhaps by increasing NO bioavailability, lowering oxidative stress, and reducing inflammation (19, 32, 49, 51) . Given the findings in the present study, further research into the mechanisms underlying the possible protection of habitual endurance exercise training on endothelial I/R injury is warranted.
Though it is increasingly common to adjust FMD for shear rate or shear stress using a number of different indexes (e.g., peak, mean, area under the curve to peak dilation, etc.), we chose not to normalize FMD for shear rate in the present study for many reasons. First, it has not been clearly established that conventionally measured shear rate is the stimuli for NO production and FMD. Indeed, blood vessels of eNOS knockout mice still experience FMD by responding to shear stress (53) , and the contribution of NO to endothelial function may be reduced with advancing age (3, 39) . Second, our data do not satisfy some of the statistical requirements for ratio normalization (1). For example, like many other studies, we have not observed a consistent or strong association between shear rate and FMD (3, 22, 58) . Such discrepancies in the literature may be due, at least in part, to a failure of Poiseuille's Law to accurately capture in vivo shear rate/stress. Poiseuille's Law is applicable only to long, straight, and rigid tubes with steady laminar flow, Newtonian fluid, and a parabolic velocity profile. However, these conditions are never realized in the in vivo condition in which FMD is measured. In the present study, a subgroup analysis of the area under the curve of blood velocity revealed no significant differences between or within groups at any time point despite significant differences between groups in FMD. Finally, the peak brachial FMD response, not normalized FMD, has been shown to predict cardiovascular risk and future events (7, 64) .
In conclusion, 20 min of limb ischemia is associated with a transient fall in endothelial function, but this is not associated with circulating markers of oxidative stress or inflammation at baseline. Middle-aged sedentary subjects demonstrate greater injury and delayed recovery from endothelial I/R injury compared with younger subjects. Habitual endurance exercise training may provide partial protection against the magnitude of endothelial I/R injury with advancing age.
